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Abstract 
This paper assess the feasibility of using heating-cooling radiant panel in residential buildings in five different climate zones in 
Iran. This study leverages simulation modeling to evaluate the thermal performance of heating-cooling radiant panels. By 
defining new indices, applicability limiting factors of the radiant panels, i.e. condensation risk in cooling, and asymmetric 
radiation discomfort in heating are evaluated and compared in different climatic conditions. The system capacity and setpoints 
are calculated based on thermal comfort conditions, using PMV index in heating (PMV= -0.5) and cooling (PMV= +0.5) modes. 
Results of this study indicate that for dryer regions with less risk of condensation the radiant system can help home owners to 
save around 11.3% on their heating energy and 9.1% on cooling energy use. 
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1. Introduction 
    In Iran, residential buildings consume more than 40 % of the total energy consumption of the country [1]. A 
considerable portion of total energy consumption in residential buildings is used by heating and cooling systems. 
This huge energy consumption is mainly due to the low efficiency of heating and cooling systems and low quality of 
building envelop insulating [1]. This paper assesses the feasibility of radiant hydronic ceiling heating-cooling panels 
in various climate zones to evaluate the potentials of reducing energy consumptions of residential buildings without 
compromising thermal comfort. Since radiant panels require low temperatures in residential buildings, they can 
deliver numerous advantages such as: possibility of being coupled with solar collectors [2,3] or night sky cooling in 
arid climates [4]. Using radiant systems, the local discomfort and draft rate can be reduced [5]. Tremendous amount 
 
 
* Corresponding author.  
E-mail address: salim.moslehi@asu.edu 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICSDEC 2016
19 S. Moslehi et al. /  Procedia Engineering  145 ( 2016 )  18 – 25 
of research has been conducted to evaluate the thermal comfort provided by radiant cooling systems considering the 
risk of condensation [6-8]. Condensation is known as a restrictive factor, particularly in hot and humid weather 
conditions [5, 9-11]. In humid regions, cooling capacity of radiant cooling systems is usually limited by the risk of 
condensation. When the cooling loads are high, given the limited available surface area for panels installation, lower 
temperatures of supply water will lead to lower panel surface temperature. The air moisture content around the panel 
will condense if the panel surface temperature drops below the room air dew point temperature. 
    In addition to thermal discomfort issues, local thermal discomfort should also be taken into consideration when 
applicable to the problem. Draught, asymmetric radiation, vertical air temperature variation and floor temperature 
are examples of local thermal discomfort factors [12]. Atmaca et al. simulated occupant body thermal interactions 
with radiant panels in order to examine temperature difference between body segments [13]; they concluded that 
high radiant temperatures would affect occupants’ skin temperature as well as the room operative temperature. 
    Due to the diversity of climatic conditions of Iran, various kinds of air conditioning systems are being used all 
around the country. Recently, utilization of more efficient HVAC systems, mostly radiant ones in form of floor 
heating, are becoming more popular. Yet ceiling radiant heating and cooling systems has not been spread out due to 
lack of information about their potential benefits. In the present study, compatibility of heating-cooling radiant 
ceiling panels with different climatic conditions of Iran is investigated numerically using EnergyPlus simulation 
program together with a Visual Basic code, for mean radiant temperature calculation across the space, developed by 
authors. We have evaluated the energy performance, thermal comfort using Predicted Mean Vote (PMV) and 
Predicted Percentage of Dissatisfied (PPD) indexes, risk of condensation and asymmetric radiation caused by 
radiant ceiling panel for a typical residential building. 
 
2. Simulation Description  
 
This section presents the modeling assumptions, geometries, radiant system configuration and climate zone 
descriptions.  
 
2.1 Description of the simulated Space 
 
The present study is performed for a typical room with dimensions of 862.8m which is suggested by ASHRAE 
[14]. We have considered a 6 m2 double glazed window facing south for the studied space. The Roof and south 
walls are considered as external walls and other walls are considered as adiabatic surfaces. Building geometry and 
details of wall layers and the radiant panel are shown in figure 1. The opaque wall construction and materials are 
chosen among prevalent ones in Iran. Thermal mass of opaque walls should be chosen carefully; high thermal mass 
can make the building heavy and low thermal mass will have negative effects on energy consumption and room 
daily temperature swing. Thus, in this study the authors have considered a medium thermal mass.  
 ASHRAE-140 suggests setting internal load to be 200W comprised of 100% sensible-based and 0% latent-based 
loads; ASHRAE-140 also suggests to assume one occupant for the room [14]. In order to assess thermal comfort 
conditions using PMV index, air velocity is assumed to be 0.1 ms-1 based on ISO-7730 [12]. Also, based on 
ASHRAE standard, metabolic rate of the occupant for sedentary activity during daytime is 1 met, and for reclining 
during night-time is 0.7 met. Clothing is assumed to be 0.61 clo in winter, 0.57 clo during autumn and spring and 
0.36 clo in summer [15]. 
 
2.2 Climate Zones 
 
Different climate zones of Iran are categorized as Caspian Mild and Wet (CMW), Cold Mountains (CM), Hot 
Costal (HC), Hot Dry Desert (HDD) and Semi-Desert (SD) [16]. Simulations are done in these five different 
climatic conditions using TMY2 (Typical Meteorological Year, version2) files previously generated by the present 
research team [16]. Meteorological data of five cities are utilized to create the weather condition files for the 
modelling purpose. Table 1 compares the climate condition of the five zones considered in this study.  
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Fig.1. Room geometry and details of wall construction and radiant panel 
 
 
Table1.Properties of different climates of Iran reference 
Climate min. Air Temp. 
(°C(°F)) 
Max. Air Temp. 
(°C(°F)) 
Max. RH (%) Mean RH (%) Max. dew-point 
Temp. (°C(°F)) 
Hot Costal (HC) 7 (44.6) 51 (123.8) 100 73.4 25.78 (78.4) 
Caspian Mild and Wet (CMW) -9.5 (14.9) 37.5 (99.5) 100 55.4 25.48 (77.8) 
Cold Mountain (CM) -15.4 (4.3) 41.8 (107.2) 57.8 26.2 15.75 (60.35) 
Semi-Desert (SD) -8.5 (16.7) 42.8 (109) 46.7 25 11.87 (53.4) 
Hot Dry Desert (HDD) -10 (14) 45.4 (113.7) 42.5 22.1 10.24 (50.4) 
 
2.3 Radiant System- Loops and Controllers 
Two types of low temperature radiant systems are more common in building applications, constant flow and 
variable flow. In the present study the variable flow low temperature system is chosen due to the flexibility through 
use of schedules. Regarding moisture condensation on panel surface, two different control strategies are available, 
simple-off and off. In the simple-off strategy, when the panel’s surface temperature drops below the dew-point 
temperature of the room air, the cold water flow rate reduces in order to prevent condensation. In this condition, 
usually cooling loads are not met and consequently thermal comfort conditions are not satisfied. In the off strategy, 
which we used in this study, nothing will be done but producing a warning when condensation occurs [17]. Using 
this control option, we will be able to calculate how far the panel surface temperature drops below the dew-point. 
 
2.4 Thermal Comfort 
 
We applied the Fanger thermal comfort criteria [18] to study comfort conditions in the room on an hourly basis. In 
the present work, satisfaction of thermal comfort conditions is realized as: -0.5< PMV <+0.5. In this condition 
different parameters, such as condensation risk and asymmetric radiation, were calculated to clarify their impact on 
the feasibility restrictions of the radiant ceiling systems. 
As previously mentioned, in radiant system evaluation asymmetric radiation can play a role in thermal comfort. 
Therefore, authors have developed a numerical Visual Basic code to simulate the asymmetric radiation caused by 
the radiant panel. Asymmetric radiation temperature, asyT , is given by equation 1. 
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Tasy =MRTf −MRTb                       (1) 
Where fMRT and bMRT are the mean radiant temperatures at the front and back side of a hypothetical surface 
element. The mean radiant temperatures are calculated for each side of a surface element considered at the center of 
the room in different elevations using equation 2. 
1 1 2 2 ........s s s s s n s nMRT T F T F T F− − − − − −= + + +        (2) 
Equation 2 is actually derived from equation 3 by linearization due to the low temperature differences between the 
surfaces [19].    
1 1 2 2
4 4 4 4........
r s s s s s n s n
T T F T F T F
− − − − − −
= + + +
       
(3) 
In equations 2 and 3, s iF −  is the i
th surface and the deferential element view factor which is calculated based on 
Hamilton and Morgan equations [20] and s iT −  is i
th surface temperature. 
 
3. Results and discussions 
 
This study evaluates potentials of using radiant hydronic heating-cooling panels in residential building in various 
climate zones of Iran. Thermal performance of radiant panels investigated from energy saving and thermal comfort 
perspectives. Simulation results have been discussed in following four sections.  
 
3.1 Energy Consumption 
 
In the present study, heating and cooling loads are calculated by applying an ideal heating-cooling system. We 
have chosen appropriate setpoints to keep the PMV index bellow +0.5 for cooling and above -0.5 for Heating. 
Calculated setpoints are listed in table 2. 
 
                    Table 2. Heating and cooling setpoints in different climates of Iran considered in this work 
 HC CMW CM SD HDD 
Heating Setpoint (°C(°F)) 24.5 (76.1) 24.5 (76.1) 25 (77) 24.5 (76.1) 24.5 (76.1) 
Cooling Setpoint (°C(°F)) 25.5 (77.9) 25.5 (77.9) 26 (78.8) 26 (78.8) 26 (78.8) 
 
Results of monthly energy consumption of radiant heating-cooling system in different climatic conditions are 
shown in figure 2. These values are calculated using “off’’ condensation control strategy and consequently the 
thermal comfort conditions are satisfied in all climates and in every hour through the year. 
 
3.2 Condensation 
 
By comparing the panel surface temperature and dew-point temperature of the room air, we can find out when 
the condensation risk exists. Results indicate that in climates with high relative humidity, such as HC and CMW (see 
table 1), and the maximum cooling load of 74.6 Wm-2 and 48.1 Wm-2 respectively, condensation will occur on the 
panel surface. In the HC climatic condition, using the ‘‘simple-off’’ condensation control strategy, instead of the 
‘‘off’’ strategy, the annual cooling energy consumption will be reduced from 10026 kWh (which is needed to 
maintain thermal comfort) to 2202 kWh. For the CMW climate, it will be 315 kWh instead of 5801 kWh. It can be 
perceived that due to existence of condensation risk, cooling water flow rate through the panel is restricted by 
control system (simple-off ). Thus, during hot seasons, thermal comfort conditions will not always be satisfied and it 
can be concluded that the risk of condensation limits feasibility of the radiant cooling systems in these humid 
climates.  
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Fig. 2. monthly heating and cooling energy consumption of radiant panel 
 
Simulation results show that in the HC climate, in 48% of hours, condensation will occur while in CMW weather 
condition, in 20% of hours condensation risk exists. The difference between relative humidity and cooling loads, can 
justify the difference between numbers of hours that condensation happens. In order to more accurately compare the 
risk of condensation between the two humid climates, it is necessary to consider the difference between the panel 
surface temperature and the room air dew point, in addition to number of hours that condensation occurs. When the 
temperature differences between the surface panel and dew point is small, the risk of condensation could be 
vanished easily by a little reduction in either the cooling load or the relative humidity. Therefore, in the present 
study a new index, Annualized Risk of Condensation (ARC in °C.yr-1), is defined as: 
 
1
(T T )cn dp ps jjARC == −∑                                (4) 
 
Where the Tdp is dew-point temperature (°C), Tps is the panel surface temperature and nc represents number of 
hours in a year during which condensation occurs. ARC calculation results show 23878 °C.yr-1 for the HC climatic 
condition, and only 7505 °C.yr-1 for the CMW climate; this reveals that risk of condensation is much more critical in 
the HC climatic condition rather than in the other humid climate. In the CM, SD and HDD climates, no 
condensation will occur despite of the relatively high cooling loads in some regions (e.g., HDD climatic). In these 
climates, the radiant heating-cooling panels can meet the space thermal loads, and consequently the thermal comfort 
index PMV will be in the desirable range throughout the year. 
 
3.3 Asymmetric Radiation 
 
In utilizing radiant systems, another important comfort parameter that should also be taken into consideration is 
the asymmetric radiation. According to ISO-7730 the PD (Percentage Dissatisfied) caused by temperature 
asymmetry in different conditions (i.e. warm ceiling, cool wall, cool ceiling, and cool wall) the warm ceiling causes 
the highest PD [21]. Therefore, the PD caused by the radiant heating ceiling panel would be more critical in the CM 
climate rather than in other climates. 
In the present investigation, asymmetric radiation (Eq.1) is calculated at the center of the room for sitting 
position at the elevation of 0.7m and standing height at the elevation of 1.1m for both cooling and heating modes 
using a code developed by the authors. Based on ISO-7730, the maximum allowable PD (PDallowable) caused by 
asymmetric radiation is 5% [12]. The calculated maximum asymmetric radiation and the corresponding PD in 
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heating and cooling modes for different climatic conditions are listed in table 3. It can be perceived that, in heating 
mode, the maximum asymmetric radiation happens in the CM climate with maximum heating load of 83.7 Wm-2, 
which is the maximum heating load among the investigated cases. Results also indicate that, considering the risk of 
condensation, the asymmetric radiation in the cooling mode is not a restrictive parameter; but in the heating mode in 
all climates of Iran, the PD caused by asymmetric radiation exceeds the allowed range in some hours. Hourly 
changes of the asymmetric radiation temperature and the corresponding PD for the CM climate on 10th of January, 
in which the maximum PD occurs, are represented in figure 3. Considering the fact that the radiant system is 
mounted under the ceiling in standing position the asymmetric radiation will be more critical. Therefore, all results 
are reported at the elevation of 1.1 m.   
 
                   Table 3.The maximum asymmetric radiation and corresponding PD in different climates of Iran. 
Climate Heating  Cooling 
 Asymmetric 
Radiation Temp. 
(C (F)) 
PD (%)  Asymmetric 
Radiation Temp. 
(C (F)) 
PD (%) 
Hot Costal (HC) 5.1 (41.2) 7  10.6 (51.1) 1 
Caspian Mild and Wet (CMW) 15 (59) 39  11.1 (52) 1 
Cold Mountain (CM) 16.1 (61) 44  11.2 (52.2) 1 
Semi- Desert (SD) 14.1 (57.4) 35  11.8 (53.2) 2 
Hot Dry Desert (HDD) 13.9 (57) 34  12 (53.6) 2 
 
 
Fig. 3.Hourly change of the asymmetric radiation and the corresponding PD on 10th of January in the CM climate and standing position. 
 
In the present study, in order to quantitatively describe the asymmetric radiation, number of hours of thermal 
dissatisfaction and the deviation from allowed PD are taken into consideration and a new parameter, Annualized 
Asymmetric Radiation Dissatisfaction (AARD), is defined by eq. (5). 
 
1
( )dn j
j
allowable
PD
AARD
PD=
=∑    (5) 
 
Where PDj is the Percentage Dissatisfied at the jth hour and nd represents the number of hours in which the PD 
exceeds the allowed PD. Calculated results of the AARD for different climatic conditions are presented in figure 4. 
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Fig. 4.AARD index for different climatic conditions of Iran 
 
In addition to the boundary conditions stated before, the simulations have been performed for the room with 
thermally insulated roof; this will help us to assess the load reduction impacts on restrictive factors, i.e condensation 
risk and asymmetric radiation. It is found that cooling load of the room in the HC climate is reduced by 45%; 
consequently, the number of hours that condensation takes place on the panel surface is reduced by 12.3% and also 
the ARC index is reduced by 54%. On the other hand, in the CM climate, heating load of the space and the AARD  
index are reduced by 69% and 94.8% respectively. It can be concluded that by proper insulation, or using any other 
feasible way of reducing heating loads, thermal discomfort caused by asymmetric radiation might be eliminated.  
 
3.4 Energy Consumption Comparison 
 
In order to do a comprehensive study and compare the energy consumption of radiant panel with conventional 
HVAC systems, authors have modelled a fan-coil system, as a common heating-cooling system in Iran. The fan-coil 
capacity is calculated using Carrier (HAP 4.2), a well-known building load calculation tool. It is found that in the 
three investigated climates, where no risk of condensation exists, and in both heating and cooling modes, energy 
consumption of the radiant system is less than fan-coil system. The energy saving values are reported in table 4.  
 
                        Table 4.Energy saving of the radiant system compared to fan-coil system. 
Climate Annual Cooling Energy Reduction (%) Annual Heating energy Reduction (%) 
CM 6.6 9.2 
SD 8.1 16.5 
HDD 12.7 8.2 
 
4. Conclusion 
 
In the present work, the performance of hydronic radiant ceiling panels has been studied in different climates of 
Iran. Taking into account the two restrictive potentials of condensation in cooling and asymmetric radiation in 
heating mode, the applicability of the radiant systems has been investigated. By defining new parameters, deviations 
from desired conditions in each case have been found. Main findings are listed below: 
• It is found that in the SD and the HDD climatic conditions, which includes a big part of the country, the 
radiant system can fulfil thermal demands of the room and satisfy the thermal comfort conditions throughout 
the year. 
• In the HC and the CMW humid climates, thermal comfort conditions cannot be satisfied in the cooling mode 
due to the risk of condensation. In the HC climate, in 48% of hours, condensation occurs while in the CMW 
climate, in 20% of hours the condensation risk exists. The  index in the HC climate is 2.18 times more 
than that in the CMW condition. Consequently, the radiant cooling systems are not feasible in the two humid 
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climates of Iran. 
• In the CM climate, which is the coldest one in Iran, the PD caused by warm ceiling exceeds allowable range 
in 60.3% of hours of the year. Therefore, the radiant system is not feasible for heating in this climate. 
• Results showed that decreasing the room thermal loads may eliminate the asymmetric radiation 
dissatisfaction in the heating mode and drastically reduce the risk of condensation in the cooling mode. 
Therefore, improving the insulation will facilitate the application of radiant systems. 
• Comparison of the energy consumption between the radiant system and the fan-coil system reveals that in all 
studied climates of Iran, applying the radiant system is beneficial in both cold and hot seasons.  
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